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Abstract
We analysed the temporal-frequency characteristics of two functional processes involved in orientation-based texture segrega-
tion: local orientation coding and subsequent orientation-contrast coding. Two texture images, in which each micropattern was
rotated by 90°, were alternated at various temporal frequencies. A micropattern was a second-derivative (D2) of a Gaussian that
loses orientation information when temporally fused with the orthogonal D2 pattern. We measured the upper temporal-frequency
limits for localising the target region whose mean orientation differed from the background by 90° or by 45°. If the temporal limit
of the texture perception is determined by the most sluggish processing stage, the temporal limit for the 90° texture should be
determined by local orientation coding or by orientation-contrast coding, depending on which stage has the lower temporal
precision. On the other hand, the 45° texture should always be segregated below the temporal limit of local orientation coding
regardless of the temporal limit of orientation-contrast coding. We found that the temporal limit for the 90° texture was slightly
higher than that for the 45° texture under spatial conditions appropriate for texture segregation. Moreover, an orientation-noise
analysis of segregation performance for a wide range of temporal frequencies revealed that the temporal-frequency sensitivities for
the two textures were nearly identical. These results imply that the temporal limit for orientation-based texture segregation
depends only on that of local orientation coding. This conclusion further suggests that the potential temporal resolution of
orientation-contrast coding is not lower than that of local orientation coding, which would imply that the orientation-contrast
coding is unlikely to be mediated by sluggish neural processes. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
1.1. Temporal properties of texture perception
The visual system can segregate a texture region
having different orientation components from its sur-
roundings even when no other visual attributes of the
texture region differ from those of the surroundings
(Beck, 1966; Julesz, 1971). This orientation-based tex-
ture segregation depends on two visual functions: cod-
ing of local orientations in the image (Phillips &
Wilson, 1984) and detection of differences in the distri-
bution of encoded orientation between adjacent regions
(orientation contrast) (Nothdurft, 1985; Landy &
Bergen, 1991). It has been established that orientation
coding is accomplished by spatially localised, orienta-
tion-selective filters which have been identified with
orientation-selective cells in the primary visual cortex
(V1, Hubel, & Wiesel, 1962). On the other hand, the
question as to what underlies the second, orientation-
contrast coding remains unsettled, although it is the
central process of texture segregation. Suggested mech-
anisms for orientation-contrast coding include second-
order filters on the distribution of outputs of the
orientation filters (Bergen & Adelson, 1988 Malik &
Perona, 1990; Landy & Bergen, 1991; Graham, 1994)
and a network of mutual interactions between the
orientation filters (Stemmler, Usher, & Niebur, 1995;
Li, 1999a,b).
One way to gain insight into the mechanism underly-
ing orientation-contrast coding is to investigate the
temporal properties of texture segregation. For in-
stance, a time-consuming processing can not follow
rapid changes of orientations in texture, as is the case in
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some cooperative networks that require a number of
repetitions before finding texture borders. On the other
hand, second-order filters that operate directly on the
low-level filter outputs are likely to have good temporal
resolution. The temporal properties may not be decisive
in specifying the detailed mechanism because they are
affected by a number of factors other than general
processing structure, but they should provide a strong
constraint that an appropriate model of orientation-
contrast coding must meet.
It is believed that texture segregation is ‘rapid’ and
‘immediate’ on the basis of the fact that one can
segregate some textures even when they are briefly
presented (Bergen & Julesz, 1983). However, such ob-
servations do not necessarily indicate a high temporal
resolution of orientation-contrast coding because of the
existence of visible persistence of briefly presented stim-
uli (Di Lollo, Lowe, & Scott, 1974). It may be possible
to control the duration of persistence by presenting a
backward mask (Bergen & Julesz, 1983; Breitmeyer,
1984), but in such a case one has to consider where and
how the mask interacts with the target texture. In
addition, it is difficult to purely evaluate the temporal
properties of the system in terms of the duration of the
presentation or that of the visible persistence, since the
both also influence the amount of available
information.
The temporal properties of the detection of other
visual attributes, such as luminance contrast, have been
investigated in terms of temporal-frequency characteris-
tics. Similarly, the present study investigated the tempo-
ral-frequency characteristics of the process of
orientation-based texture segregation to assess its actual
temporal property and to understand its quantitative
relationship with other visual processes.
1.2. Orientation-reersing texture
How can we measure the temporal-frequency charac-
teristics of texture segregation? Phase-reversal gratings
have often been used to assess the temporal-frequency
characteristics of luminance-contrast detection (Rob-
son, 1966; Kulikowski & Tolhurst, 1973). When a pair
of opposite-phase gratings are alternated at a suffi-
ciently high rate (Fig. 1a), they are perceptually fused
into a uniform grey field. The upper limit of the alter-
nation rate for the detection of grating is taken as an
estimate of the temporal resolution of mechanisms that
detect luminance contrast. The same paradigm can be
applied to orientation-contrast detection in texture seg-
regation (Fig. 1b). Two frames of textures are alter-
nated. One frame consists of horizontal line segments in
the left region and vertical lines in the right region, and
the other consists of vertical lines in the left region and
horizontal lines in the right region. If the alternation
rate is sufficiently high, the two textures become fused
into a texture consisting of crosses and the boundary
between regions formed by orientation contrast disap-
pears. The upper limit of the alternation rate at which
the boundary is perceived is taken as an estimate of the
temporal resolution of orientation-based texture segre-
gation. Studies using this orientation-reversing texture
have already been reported by other laboratories (Ha-
rasawa & Sato, 1999; Nothdurft, 2000).
Although the orientation-reversing texture is a useful
stimulus for measuring the temporal-frequency charac-
teristics of texture segregation, the interpretation of the
results is always accompanied by a fatal ambiguity:
Since texture segregation depends on the both orienta-
tion coding and orientation-contrast coding, it is im-
possible to conclude which stage determines the upper
temporal-frequency limit for segregation.
Let us explain this point by using the schematic
illustrations of the functional structure of the texture
segregation system shown in Fig. 2. The stage of local
orientation coding is represented by a pair of orthogo-
nal orientation filters, and the stage of orientation
contrast coding, which compares the activities (rectified
outputs) of orientation filters, is represented by a
crossed circle at the junction. Fig. 2a shows a situation
where an orientation reversing texture can be success-
fully segregated. Up until its final output, the segrega-
tion system can follow the temporal modulation of the
stimulus.
We want to discriminate between the two cases (Fig.
2b and c) where texture segregation becomes impossi-
Fig. 1. (a) Schematic diagram of a phase-reversing luminance grating.
Two gratings, whose bright-dark phases are opposite each other, are
alternated. When the gratings are perceptually fused at high temporal
frequencies, they are seen as a uniform field. (b) Schematic diagram
of an orientation-reversing texture. Two orientation-based textures,
which consist of line elements orthogonal to each other, are alter-
nated. When the texture images are perceptually fused at high tempo-
ral frequencies, they are seen as a uniform texture composed of
crosses.
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Fig. 2. Temporal response of the texture segregation system for
orientation-reversing texture. In each diagram, the herringbone pat-
tern on the left schematically represents the time course of orientation
reversals. A pair of orthogonal orientation filters indicates the stage
of local orientation coding, and a crossed circle at the junction
indicates the stage of orientation contrast coding. The train of ‘spikes’
indicates the output of each stage. The diagrams show situations
where (a) the orientation-reversing texture can be successfully segre-
gated, (b) the texture cannot be segregated because the orientation
coding stage cannot follow the stimulus change, and (c) the texture
cannot be segregated because the orientation-contrast coding stage is
too sluggish to compare orientation signals.
ble. In Fig. 2b, the orientation coding stage is not
rapid enough to follow the stimulus change. This is
possibly because neural orientation filters require tem-
poral integration of input signals to elicit reliable ori-
entation signals. Since the orientation coding fails to
preserve the temporal structure of stimulus alterna-
tion, it is impossible to segregate rapidly-orientation-
reversing textures even when the orientation-contrast
coding stage potentially has high temporal precision.
In Fig. 2c, on the other hand, the orientation cod-
ing is fast enough, but the sluggish mechanism of
orientation-contrast detection cannot make use of the
encoded orientation. The sluggishness of the second
stage could be a result of temporal integration of the
(rectified) outputs of orientation filters before they are
compared across space. Another possible source of
the sluggishness is the temporal mismatch of the ori-
entation signals to be compared. For segregation of
orientation-reversing textures, it would be best if local
orientations of a given area detected at a given time
are compared with those of another area detected at
the same time. However, if comparison is made, for
instance, between orientation signals from rapid direct
routs and delayed signals from slow indirect routs, the
resulting temporal mismatch will severely impair seg-
regation of rapidly reversing textures.
Therefore, the upper temporal limit of the segrega-
tion of orientation-reversing textures may reflect the
temporal resolution of the orientation coding (Fig.
2b) or that of the orientation contrast coding (Fig.
2c), depending on which stage has the lower temporal
limit. Strictly speaking, there is a third possibility,
which is that the temporal limit is determined at a
stage earlier than orientation coding, such as at the
luminance-contrast coding stage, if it is the most slug-
gish.
Note that we are concerned with the potential tem-
poral-frequency characteristics of each stage, which
purely reflect the nature of the processing, rather than
the temporal-frequency characteristics measured at a
corresponding point, which are under the influence of
all the preceding processings. An explanation in terms
of the system theory may make the point clear. Orien-
tation-based texture segregation involves at least three
visual stages (Fig. 3): luminance-contrast coding, ori-
entation coding, and orientation-contrast coding. Each
stage has a specific temporal modulation transfer
function. If the system is linear, the modulation trans-
fer function of the whole texture segregation system
can be obtained from the multiplication of the three
transfer functions. Even though the system of interest
is likely to include several nonlinear operations, such
as rectification and gain control, we assume that the
temporal limit of the whole system is determined by
Fig. 3. Three processing stages involved in orientation-based texture
segregation and their hypothetical temporal-frequency characteristics.
(a) If the orientation-contrast coding stage has a lower temporal
resolution than the orientation coding stage, the upper temporal-fre-
quency limit of the visual system for texture segregation should be
determined by the temporal resolution of the orientation-contrast
coding stage (see also Fig. 2c). (b) If the orientation-contrast coding
stage has a higher temporal resolution than the orientation coding
stage, the temporal-frequency characteristics for texture segregation
should be determined by the temporal resolution of the orientation
coding stage (see also Fig. 2b).
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Fig. 4. (a) Example of a D2 pattern. When an orthogonally-oriented pair of D2 patterns are temporally integrated, they form a circular Laplacian
pattern. (b, c, d) Textures composed of D2 patterns. (b) The orientation difference between the target and the background is 90°. (c) The
orientation difference is 45°. (d) A frame of the flicker-defined texture, in which the target region consists of D2 patterns and the background
region consists of circular Laplacians (maximum contrast: 0.5). For all types of textures, when a pair of texture images, in which all elements are
rotated by 90°, are alternated at very high temporal frequencies, they are perceived as a texture composed of circular Laplacians (e).
the most sluggish stage.1 That is, if the temporal resolu-
tion of orientation-contrast coding is lower than that of
orientation coding, the temporal resolution of the tex-
ture segregation should be determined by that of the
orientation-contrast coding (Fig. 3a). The opposite
should be true if the temporal resolution of orientation-
contrast coding is higher than that of orientation cod-
ing (Fig. 3b).
1.3. Orientation-reersing D2 texture
To resolve the issue of whether the temporal-fre-
quency characteristics measured with orientation-re-
versing textures are mainly determined by the
orientation coding or by the orientation-contrast cod-
1 It is not generally the case that the temporal limit of multiple-
stage non-linear system is determined by the most sluggish stage. For
instance, nonlinear transducer functions applied to amplitude modu-
lations of a high-frequency carrier give rise to extra components at
low frequencies (demodulation). Then the subsequent stage can detect
the envelope modulation even when the carrier frequency is beyond
its temporal limit. This argument however does not imply that a
sluggish orientation-contrast coding stage can segregate rapid orienta-
tion-reversing textures when it is preceded by a nonlinear transducer.
The orientation-contrast coding stage is the first point where the
orientation signals from target and background areas interact each
other. For detection of the orientation-reversing texture, the orienta-
tion-contrast coding stage must know the pattern of temporal modu-
lations of orientation signals. Extra components generated by the
demodulation process are useless, since they do not carry relative
phase information. Texture segregation should be possible only below
the temporal limit of the orientation coding stage. On the other hand,
once the temporal pattern of orientation alternation is lost at the level
of orientation coding (or at the earlier stage), it is impossible for any
mechanism to successfully segregate orientation reversing texture. We
therefore believe that our assumption that the temporal limit for
orientation reversing texture is determined by the most sluggish stage
is valid not only for purely linear systems, but also for a range of
biologically plausible systems.
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ing, one has to specify the temporal-frequency charac-
teristics of the orientation coding in texture segregation.
For that purpose, instead of using the line segments or
Gabor patterns that have been employed in many
texture studies, we used D2 patterns, whose luminance
profile is an oriented second derivative of a two-dimen-
sional Gaussian (Fig. 4). One important feature of this
pattern is that the linear summation of a pair of
orthogonally oriented D2s forms an isotropic Laplacian
(Fig. 4a). Therefore, when such a pair is alternatively
presented, orientation coding collapses at alternation
rates higher than its resolution limit, just as contrast
detection collapses for rapid phase-reversals of a lumi-
nance grating.
The present study employed two types of orientation-
reversing D2 textures (Fig. 4b, c). Each texture had a
circular target region of D2s that differed from the
background in mean orientation. The orientation dif-
ference was 90° in one texture (Fig. 4b) and 45° in the
other (Fig. 4c).
As schematically illustrated in Fig. 5, the orientation-
reversing textures with 45 and 90° orientation differ-
ences are quantitatively different. The 90° texture
cannot be segregated at temporal frequencies beyond
either the temporal resolution of the orientation coding
(because the elements then appear as isotropic Lapla-
cians to the orientation encoders and do not activate
any of them), or that of the orientation-contrast coding
(because the same set of orientation encoders are then
activated for the target and the background due to their
90° difference in both space and time). With this tex-
ture, one can only obtain the upper temporal limit of
one of the two stages (Fig. 5a).
On the other hand, the upper temporal-frequency
limit for the 45° texture is always determined at (or
before) the orientation coding stage. While the 45°
texture cannot be segregated beyond the temporal reso-
lution of the orientation coding as in the case for the
90° texture, it can be segregated even beyond the tem-
poral resolution of the orientation-contrast coding con-
dition. This is because the target and the background
activate different sets of orientation encoders (+ and
× ) as long as the local orientations are temporally
resolved (Fig. 5b).
From the temporal-frequency characteristics of the
45° textures and the 90° textures, we can estimate the
temporal properties of orientation coding and orienta-
tion-contrast coding in the texture segregation mecha-
nism. The upper temporal frequency limit of the 45°
textures should be higher than that of the 90° textures,
if the temporal resolution of orientation coding is
higher than that of orientation contrast coding (Fig.
3a). In this case, the temporal limits for the 45° and 90°
textures would indicate those of orientation coding and
orientation-contrast coding, respectively. On the other
hand, the upper temporal frequency limit of the 45°
textures should not be higher than that of the 90°
textures, in this framework, if the orientation coding is
the temporal bottleneck (Fig. 3b). In this case, the
temporal limits for both the 45° and 90° textures would
indicate that of orientation coding. No data would
directly indicate the limit of orientation-contrast cod-
ing, but we could infer that it is better than or at least
the same as that of orientation coding.
In addition to these textures, we employed textures
that can be segregated based on the temporal variation
of luminance (flicker) that accompanies orientation re-
versal (Fig. 4d). Using this pattern, we estimated the
temporal resolution of luminance-contrast coding in the
segregation of D2 textures and its relationships with the
temporal properties of orientation-based texture
segregation.
2. Experiment 1
For the three types of orientation-reversing textures
(90°, 45°, and flicker-defined), we first measured the
upper temporal-frequency limit at which the target
region could just be segregated from the background.
2.1. Methods
2.1.1. Apparatus
The stimuli were generated by a VSG2/3 (Cambridge
Research Systems) with a host computer (DELL Opti-
plex GXi), and presented on a 21-inch CRT (Chuou-
musen CD-B2120) with the luminance resolution of 14
bits and the refresh rate of 120 Hz (unless otherwise
noted). The pixel resolution of the CRT was 1 min/
pixel at the viewing distance of 143 cm.
Fig. 5. A schematic illustration of the difference between the orienta-
tion-reversing textures with 45 and 90° orientation differences. The
left and middle panel represent activation patterns of orientation
detectors by each frames of the orientation-reversing texture. The
right panels represent integrated activation patterns of pairs of orien-
tation detectors, which simulate the situation where the orientation
was temporally resolved but the orientation contrast was not. In such
a situation, (a) the 90° texture cannot be segregated because the same
set of orientation detectors are activated for the target and the
background (+ and + ), whereas (b) the 45° texture can be segre-
gated because the target and the background activate different sets of
orientation detectors (+ and × ).
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Fig. 6. Proportion correct of the segregation of the target region in
the 90° (), 45° (), and flicker-defined () textures plotted as a
function of the temporal frequency of the orientation reversal.
Smooth curves are the best-fit cumulative Gaussian functions on the
log scale, falling off to the chance level of 25% (dotted line). The
upper frequency limit estimated for each texture, that gives 71%
correct response, is indicated by horizontal error bars showing 
1S.E. (Finney, 1971). The upper and lower panels show the results for
subject IM and SN, respectively.
36 (2.16°) from the centre of the texture field. The
location of the target region was randomly jittered
within a range of 6 (21.6 min) from trial to trial. The
target region was defined by an orientation difference
of 90 or 45° relative to the background orientation
(Fig. 4b, c). For each trial, the absolute orientations of
D2 patterns were randomly determined, and the spatial
arrangement of D2 patterns was randomly chosen from
100 templates generated at the beginning of each
session.
For the flicker-defined texture, the target consisted of
orientation-reversing D2 patterns, whereas the back-
ground consisted of static circular Laplacian patterns
(Fig. 4d). To continuously change temporal frequency
at rapid alternations, we manipulated the refresh rate of
the monitor for measurements for some flicker-defined
textures.
2.1.3. Procedure
Proportion correct was measured for detecting the
target region in the orientation-reversing textures pre-
sented at various temporal frequencies. A spatial 4AFC
method was used. In each trial, an orthogonal pair of
D2 textures were alternated at a given alternation rate
for a duration of 500 ms. The subjects viewed binocu-
larly with steady fixation on a black cross located at the
centre of the texture field and indicated the location of
the target region by pressing one of four buttons.
Incorrect responses triggered audio feedback. The next
trial started 1 s after a response. One hundred judge-
ments were made for each stimulus condition. The data
for the three types of textures (90°, 45° and flicker-
defined) were collected in separate sessions.
2.1.4. Subjects
The two authors (IM, SN), who have corrected-to-
normal vision, served as subjects.
2.2. Results and discussion
Fig. 6 shows the proportion correct of target region
detection for each type of texture as a function of the
temporal frequency of the orientation reversal. We
defined the upper frequency limit as the temporal fre-
quency that gave rise to a 71% correct response, and
estimated this value from a cumulative Gaussian func-
tion fitted to each data by the maximum likelihood
method.
The upper temporal limit for the flicker-defined tex-
ture was 29.3 Hz (29.3–29.4 Hz, 1S.E.) for subject
IM and 23.2 Hz (23.0–23.5 Hz) for SN. These values
are nearly compatible with the cut-off frequency of the
luminance-contrast detection at around the centre spa-
tial frequency of the D2 pattern we employed (Kelly,
1979).
The upper limits for the 90° texture were 16.6 Hz
(16.3–16.9 Hz) for IM and 13.0 Hz (12.8–13.2 Hz) for
2.1.2. Stimuli
The stimuli were textures composed of D2 patterns
(Fig. 4). The luminance profile of a D2 pattern is given
by,
L(x,y)=Lmean

1+c
(x cos +y sin )2−2
4
exp
− (x2+y2)
22
nn
(1)
where Lmean is the mean luminance of the background
(32 cpd/m2), c the contrast (1.0), and  the orientation
(with a resolution of 1°). The space constant, , is the
standard deviation of the original Gaussian pattern. We
set this parameter to 3.59 min, which made the centre
frequency of each D2 pattern 6.4 cpd. Within a square
field subtending 144×144 (8.62×8.62°), D2 patterns
were randomly arranged with a minimum separation of
6 (21.6 min) and an average separation of 9.2 (21.6
min). On average, 425 patterns were presented within
the stimulus field (5.7 patterns/deg2).
All textures had a circular target region with a di-
ameter of 45 (2.7°) at one of four possible locations
(upper right, lower right, upper left, and lower left).
The centre of each target was located at a distance of
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SN. These values were significantly lower than the
upper limits for the flicker-defined textures. This indi-
cates that the upper temporal limit of orientation-based
texture segregation is not determined by the limits of
peripheral mechanisms such as luminance contrast de-
tection. However, these results do not indicate that the
mechanism underlying orientation-based texture segre-
gation is sluggish, since the 90° texture could be segre-
gated even when the pattern changed every 30–40 ms.2
The upper temporal limits for the 45° texture were
14.7 Hz (14.5–15.1 Hz) for IM and 11.6 Hz (11.5–11.8
Hz) for SN. These values were slightly lower than those
for the 90° texture. On the basis of our framework
described in the introduction, the finding that the tem-
poral limit for the 45° texture was not higher than that
for the 90° texture suggests that the temporal resolution
for the orientation coding is not higher than for the
subsequent orientation-contrast coding. That is, the
upper temporal limits for the both 45 and 90° textures
reflect the temporal characteristics of orientation
coding.
In a supplementary experiment, we found that the
temporal limit of orientation discrimination was nearly
comparable to the limit of texture segregation, which
supports the interpretation above. In this experiment,
an orientation-reversing D2 texture was presented at
one of the target areas. The location was randomly
chosen for each trial, and the background was a uni-
form field. The orientation of the texture elements was
either vertical and horizontal (+ ) or 45° diagonals
(× ). The subjects made a 2AFC judgement on the
texture orientation. The other procedures were the
same as those in the texture segregation experiments. It
was found that the temporal frequency limit that gave
rise to a 81% correct response (performance equivalent
to a 71% correct response for 4AFC judgements) was
14.2 Hz (13.9–14.8 Hz) for IM, and 11.2 Hz (11.0–11.4
Hz) for SN.
The framework we have provided, however, cannot
account for why the upper temporal limit was higher
for the 90° texture than for the 45° texture. This may be
because we have ignored pure effects of the orientation
difference between target and background regions on
the difficulty of the task. Since the 45° texture has a
smaller orientation difference than the 90° texture, it is
reasonable to expect that under marginal conditions the
proportion correct is lower for the 45° texture than for
the 90° texture. This can bring about an apparent
advantage in the upper temporal limit for the 90°
texture. If so, however, we cannot reject the possibility
that, even though the upper temporal limit is actually
higher for the 45° texture than for the 90° texture, the
effects of orientation difference are strong enough to
reverse the order of the upper limits. To resolve these
issues, it is necessary to compare the temporal-fre-
quency characteristics for the two textures with the
effects of the orientation difference fully taken into
account.
3. Experiment 2
One way to quantitatively measure the segregation
performance of a given texture pattern is to measure
the maximum level of the fluctuation of the orientations
of texture elements (orientation noise) at which the
texture can just be segregated (Kingdom, Keeble, &
Moulden, 1995; Dakin & Watt, 1997) (Fig. 7). The
easier the segregation is, the higher noise tolerance the
texture should show. In expt. 2, we measured this noise
tolerance at various temporal frequencies and then
estimated temporal sensitivity functions for the 45 and
Fig. 7. Textures with an orientation difference of 90° between the
target region and the background. A Gaussian orientation noise with
a standard deviation of 10° (a) or 20° (b) is added to the orientation
distribution of all elements in the texture.
2 Nothdurft (2000) reported that the temporal limit of orientation-
reversing texture was lower than 10 Hz. We suspect this is mainly
because the target he used was a single line embedded in orthogo-
nally-oriented background elements. Expt. 3 will show that the
temporal limit of the orientation reversing texture is greatly affected
by various stimulus parameters.
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Fig. 8. Orientation-noise threshold for texture segregation as a func-
tion of the temporal frequency of orientation reversal. Open circles
represent the threshold for the 90° texture and filled circles that for
the 45° texture. Solid and dotted curves are from the low-pass
sensitivity functions shown in Fig. 10. The arrow on the abcissa
indicates the temporal limit of flicker-defined texture. The upper and
lower panels show the results for subject IM and SN, respectively.
The error bar represents 1S.E., and the direction of the bar
indicates which stimulus parameter was changed in the measurement.
was increased by multiplying 900.025 (1.12) after two
correct responses and decreased by the same amount
after one incorrect response. The step size was four
times and twice the final step size (×900.1 and ×900.05)
until the first and second reversals, respectively. A
staircase terminated at the eighth reversal and the geo-
metric mean of the last four reversals was taken as the
estimate of the threshold noise level (noise tolerance)
that gave rise to a 71% correct response. At least four
double staircases were run for each condition. In addi-
tion, for precise measurements of the noise tolerance at
higher temporal frequencies, the upper temporal fre-
quency limit was measured for the texture with a
particular noise level. In each staircase, the presentation
duration of each texture was increased or decreased by
8.5 ms according to the subject’s response, and the
geometric mean of the temporal frequencies of the last
four reversals was used in estimating the upper tempo-
ral limit.
3.1.2. Results
Fig. 8 shows the threshold noise level of 45 and 90°
textures as a function of the temporal frequency. The
noise tolerance of each texture gradually declined with
the temporal frequency and suddenly fell off near its
upper temporal limit. It was constantly higher for the
90° texture () than for the 45° texture () at all
temporal frequencies we examined. Consistent with the
results of expt. 1, the upper temporal limit was higher
for the 90° textures.
To test whether these differences in the temporal
characteristics simply reflect a difference in discrimina-
tion sensitivity between 45 and 90° orientation differ-
ences, we had to transform the level of noise tolerance
into a measure of sensitivity. For this purpose, we also
obtained a noise vs. orientation threshold function.
3.2. Orientation difference as a function of noise
tolerance
3.2.1. Methods
For a 500-ms presentation of a static texture, the
threshold orientation difference between target and
background was measured for various orientation noise
levels. The staircase procedure was the same as above,
except that the orientation difference was varied ac-
cording to the subjects’ response while the noise level
was kept constant. In addition, the threshold noise level
was measured for several large orientation differences.
3.2.2. Results
Fig. 9 shows the threshold orientation difference as a
function of the standard deviation of orientation noise.
The threshold remained constant for orientation noise
levels below 10°, and then rose as the noise increased
beyond this level. This typical shape of the noise vs.
90° textures from the noise versus threshold (sensitivity)
function measured in a separate experiment. As a result
of this analysis, we found that the temporal sensitivity
function for the 45 and 90° textures were nearly identi-
cal except for the base sensitivity difference.
3.1. Noise tolerance as a function of temporal
frequency
3.1.1. Methods
For each D2 texture, we added orientation noise
independently chosen from a Gaussian distribution
with zero mean and a given standard deviation. With
varying temporal frequencies, we used the double-ran-
dom staircase method to measure the maximum noise
level at which the target region could just be segregated.
Within each staircase, the standard deviation of noise
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threshold function implies that the threshold difference
was governed by the internal noise when the external
noise was low and by the external noise when it was high
(Pelli, 1980). We therefore fit the following function to
the data,
=A( int2 +2) (2)
where  is the orientation difference and  the stan-
dard deviation of the external noise. Free parameters are
the standard deviation of the internal noise (int), scale
constant (A), and slope parameter (). We obtained the
best fits when (int, A, )= (67.30, 1.43e–27, 7.64) for
subject IM (correlation coefficient, R=0.99), and
(84.02, 2.68e–44, 11.63) for SN (R=0.99).
The asymptote line of the noise-versus-threshold func-
tion has a unit slope (i.e. =0.5) for a range of
psychophysical tasks (e.g. Pelli, 1980; Harris & Parker,
1992), including orientation discrimination (Heeley,
Buchanan-Smith, Cromwell, & Wright, 1997; Dakin,
2000). It was found that this standard noise model could
not account for the present data, since the slope of Fig.
9 was extremely steep at large noise values. Similar
deviation from the standard model has been reported by
Kingdom et al. (1995) for detection of orientation
modulations. To obtain a reasonably good fit, we had to
add  to the list of free parameters.
3.3. Comparison of temporal-frequency sensitiity
functions
Using Eq. (2), one can compute the threshold orienta-
tion difference from the orientation noise tolerance for
static textures. When the threshold noise tolerance of a
dynamic texture (˜) is substituted for , the same
equation can be used to transform a noise tolerance
value into an equivalent orientation difference that gives
rise to the same level of noise tolerance when the texture
is static, i.e.
eq=A( int2 + ˜2)
Assuming that the sensitivity of texture segregation is
proportional to the physical orientation difference be-
tween the target and background regions, this equivalent
orientation difference can be considered as a measure of
sensitivity. By normalising this orientation difference by
the threshold orientation difference of static texture
measured without external noise (A( int2 )), we can
obtain the relative sensitivity of texture segregation, S,
which is given by,
S=
 int2 + ˜2
 int
2

(3)
Fig. 10a shows the relative sensitivity of the 90 and 45°
textures as a function of the temporal frequency. By
definition, the sensitivity of the 90° texture should be
twice that of the 45° texture when the temporal fre-
quency is zero. If the two textures differed only in
sensitivity, this relationship should hold for all the
temporal frequencies, which would result in the two
functions having the same shape on the log ordinate.
When we vertically shifted the sensitivity function of the
45° texture by multiplying it by two, we in fact found
that the functions for the two textures formed a single
curve (Fig. 10b) that was well fitted by the n-stage
low-pass filter (Watson, 1984)
S( f)=

[1+ (2f)2]n/2
(4)
where f is the temporal frequency,  is the modulation
amplitude,  is the time constant, and n is the number
of stages.3 The values of these parameters were (, ,
n)= (7.92, 0.00653, 8.27) for IM (R=0.96), and (7.25,
0.0121, 5.54) for SN (R=0.98). The solid and dotted
curves in Fig. 10a are the same function plotted with the
original amplitudes for the 90 and 45° textures, respec-
tively. These curves account for the sensitivity data of
both textures pretty well [R=0.97 (IM, 90°), 0.94 (IM,
45°), 0.98 (SN, 90°), 0.98 (SN, 45°)], which implies that
the temporal-frequency sensitivity functions are identical
except for the absolute sensitivity levels.4
Fig. 9. Threshold orientation difference for segregation of a static
texture as a function of the standard deviation of the orientation
noise. Smooth curves are the best fit of Eq. (2) in the text. Open
circles represent the results for subject IM, and filled circles those for
SN. Error bars represent 1S.E.
3 We chose this function mainly because of its apparent shape
similarity to the data function. From the present data obtained with
square-wave temporal modulations, one cannot even conclude
whether the temporal sensitivity function of texture segregation is
truly low-pass.
4 The assumption of a proportional increase in the sensitivity of
texture segregation with the orientation difference may be unrealisti-
cally simple, since it has been reported that the strength of texture
segregation does not increase linearly with angular difference (Noth-
durft, 1993). However, we can draw the same conclusion as long as
the sensitivity is approximated by a power function of the orientation
difference, i.e. S =Seq . A  value less than 1 accounts for
saturating nonlinearities. For the original sensitivity variable, S, we
found, S90°( f )=2S45°( f ). For the new sensitivity variable, S , we
obtain a similar relationship. S 90°=S

90°( f )= [2S45°( f )]
=
2S45°( f )=2
S 45°( f ). The sensitivity functions for the 45 and 90°
textures again have the same shape on the log ordinate.
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Fig. 10. (a) Relative sensitivity of segregation of the 90° textures ()
and 45° textures () as a function of the temporal frequency of
orientation reversal. The relative sensitivities were calculated by Eq.
(3) in the text. Solid and dotted curves are from the low-pass
functions fitted in (b). The upper and lower panels show the results
for subject IM and SN, respectively. (b) The normalised sensitivities
for the 90° (open symbols) and 45° (filled symbols) textures as a
function of the temporal frequency. Open symbols represent the
results for the 90° textures, and filled symbols for the 45° textures.
Circles represent the results for subject IM, and the squares those for
SN. Smooth curves are the best-fit n-stage low-pass function de-
scribed in Eq. (4).
stage, rather than that of the orientation-contrast cod-
ing stage.
3.4. Supplementary experiments: Gabor textures and
non-oerlapping D2 textures
Using the paradigm used in expt. 2, we collected two
sets of control data to support our argument that the
temporal tuning of the D2 texture with the 45° differ-
ence is determined at the orientation coding level. One
set comprised the noise tolerance data for the orienta-
tion-reversing texture consisting of Gabor elements
(Fig. 11a), and the other noise tolerance data for the
orientation-reversing D2 textures in which the orthogo-
Fig. 11. (a) A simulated percept when a texture composed of Gabor
patches with an orientation difference of 45° between the target and
background region is alternated at very high temporal frequencies.
Note that the target region is easily segregated even when an orthog-
onally-oriented pair of Gabor textures are perceptually fused. (b) A
simulated percept of a non-overlapping D2 texture presented beyond
the temporal fusion limit. A texture with an orientation difference of
45° was alternated with its orthogonal counterpart, but the locations
of elements are slightly offset between frames. Note that target
segregation in the fused image is possible for this texture, while it is
impossible for the original overlapping D2 texture.
The finding that the 45 and 90° textures share the
same temporal-frequency tuning indicates that this is
the temporal characteristic of the orientation coding
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Fig. 12. (a) Orientation-noise threshold for segregation of textures consisting of Gabor micropatterns (centre frequency: 9 cpd, SD of Gaussian
envelope: 4.7 min) as a function of the temporal frequency of orientation reversal. Open circles represent the thresholds for the 90° orientation
difference, and filled circles for the 45° difference. Smooth curves are the Spline interpolation of each data set. (b) Orientation-noise threshold for
segregation of non-overlapping D2 textures with the orientation difference of 45°. Solid and dotted curves are the threshold functions, shown in
Fig. 8, for overlapping D2 textures with the orientation difference of 90 and 45°, respectively. The upper and lower panels show the results for
subject IM and SN, respectively. The error bar represents 1S.E.
nal pairs were not located at the same positions (Fig.
11b). Theoretically, local orientation information
should be available for these textures even when the
two frames are perceptually fused. Therefore, when the
orientation difference is 45°, the noise tolerance should
not fall off completely no matter how fast the rate of
alternation. However, the orientation difference be-
tween the target and background areas in the fused
image might be practically too weak to support reliable
texture segregation. In addition, even when the local
orientations can be extracted, the orientation contrast
coding stage might not be able to work properly at high
reversing rates due to disturbance by the alternating
orientation signals. These concerns were cleared up by
the results shown in Fig. 12. As expected, complete
fall-off of segregation performance was not found both
for the 45° Gabor textures and non-overlapping D2
textures. This implies that the fall-off found for the
standard overlapping D2 textures should be ascribed to
failure in local orientation coding for rapidly reversing
D2 micropatterns.
4. Experiment 3
For the textures used in expts. 1 and 2, the upper
temporal limit is higher for the orientation difference of
90° than for 45°, which indicates that these limits result
from the same orientation coding stage. In expt. 3, we
examined whether this relationship holds for a wide
range of spatial conditions. The temporal properties of
luminance-contrast detection are spatial-frequency de-
pendent (Robson, 1966; Kelly, 1979). The performance
of texture segregation is influenced by spatial parame-
ters, such as spatial frequency, the number of elements,
and inter-element distance (Sagi & Julesz, 1987; Sagi,
1990; Landy & Bergen, 1991). For some changes in
spatial parameters that differently affect the two stages
involved in texture segregation, the upper temporal
limit may become higher for the orientation difference
of 45°. The results of expt. 3 indicated that such spatial
conditions actually exist, but all of them were those
under which texture segregation became difficult. In
other words, the temporal resolution of texture segrega-
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Fig. 13. Textures used in expt. 3. (a) The size of the whole texture was varied from 0.25 to four times the size of the texture employed in expts.
1 and 2 (base condition, denoted as 1). The largest stimulus is shown only in part of the figure. This manipulation also altered the centre spatial
frequency of a D2 pattern from 1.6 to 23.2 cpd. (b) The D2 pattern size was varied from 0.5 to four times the base condition (from 1.8 to 14.4
min in terms of the D2 space constant, ) while keeping the size of target and background regions the same. This manipulation also altered the
centre spatial frequency of a D2 pattern from 1.6 to 12.8 cpd. (c) The size of the target and background regions (together with the number of
elements) was varied from 0.25 to two times the base condition while keeping the D2 pattern size the same. (d) The inter-element distance was
varied from 0.5 to two times the base condition while keeping the element and region scales the same.
tion is always determined by that of the orientation
coding as long as the spatial conditions are appropriate
for texture segregation.
4.1. Method
We measured the upper temporal-frequency limit for
90°, 45° and flicker-defined orientation-reversing tex-
tures, together with the threshold orientation difference
between the target and background in a static texture,
as a function of one of four spatial parameters. The
first parameter was the stimulus scale. The size of the
whole texture was varied by altering the viewing dis-
tance and/or the drawing scale on the CRT (Fig. 13a).
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The second was the element scale. The size of a D2
micropattern was varied (Fig. 13b). The manipulation of
these two parameters also altered the centre spatial
frequency of stimuli. The third parameter was the region
scale. The size of the target and background regions (and
the number of elements in both regions) was varied (Fig.
13c). The last parameter was the inter-element distance.
The distance between D2 elements was varied (Fig. 13d).
In all cases, the other parameters were kept the same as
in expts. 1 and 2. The upper temporal-frequency limit and
the orientation difference threshold were measured with
the staircase method used in expt. 2.
4.2. Results and discussion
Fig. 14 shows the upper temporal-frequency limits of
the 90° (), 45° () and flicker-defined () textures,
along with the threshold orientation difference (),
plotted as a function of (a) stimulus scale, (b) element
scale, (c) region scale, and (d) inter-element distance.
The upper temporal limit of the flicker-based texture
rose with increasing stimulus (Fig. 14a) and element
scales (Fig. 14b). This indicates that it is mainly deter-
mined by the spatial frequency of the texture (Robson,
1966). On the other hand, the upper temporal limit of the
90° texture was lowered not only when the stimulus and
element scales were small, but also when they were large.
In addition, it declined as the region scale decreased and
the inter-element distance increased.
Did these spatial variables alter the relationship be-
tween the 90 and 45° textures? Overall, the temporal limit
of the 45° texture went below that of the 90° texture.
However, the order was reversed when the stimulus scale
was extremely large (IM only), the element scale was
large, the region scale was small, and the inter-element
distance was large.
Note that these correspond to the conditions that are
known to impair the performance of texture segregation:
very low spatial-frequencies (Sagi, 1990; Kingdom et al.,
1995; Kingdom & Keeble, 1999), small numbers of
elements (Landy & Bergen, 1991; Kingdom et al., 1995),
and large inter-element distances (Nothdurft, 1985; Sagi
& Julesz, 1987; Sagi, 1990). In fact, it seems that the
threshold orientation difference (Fig. 14,), an index of
the difficulty of segregation, increased where the tempo-
ral limit of the 45° texture exceeded that of the 90°
texture. As shown in Fig. 15, this relationship is quanti-
tatively supported by a significant positive correlation
between the orientation-difference threshold and the
ratio of the temporal limit of the 45° texture to the 90°
texture (R=0.91 for IM, 0.59 for SN).
In summary, although the upper temporal limit of the
45° texture is not always higher than that of the 90°
texture, the exceptional conditions are only those where
texture segregation is very difficult. We can conclude that
the temporal resolution of texture segregation is always
determined by that of the orientation coding stage unless
the spatial condition is inappropriate for texture segrega-
tion.5,6
Fig. 15. The ratio of the temporal limit of the 45° texture to that of
the 90° texture plotted against the orientation-difference threshold.
The open squares are for the stimulus-scale condition, the circles for
the element-scale condition, the diamonds for the region-scale condi-
tion, and the triangles for the inter-element-distance condition. The
upper and lower panels show the results for subject IM and SN,
respectively.
5 We also expected that the temporal limit might become higher for
the 45° texture than for the 90° texture when the local orientation
detection becomes rapid for low-spatial frequencies. As expected, the
45° texture showed higher temporal limits for a large stimulus scale
and/or element scale. We cannot tell, however, whether this is a result
of an increase in temporal resolution of the orientation coding stage
or a result of a decrease in segregation performance.
6 The reversal of the upper temporal limits, obtained when texture
segregation became difficult, may be caused by a decline of the
effective upper temporal limit of the orientation-contrast coding
mechanism that resulted from its response reduction. A numerical
simulation however suggested that the response reduction of the
orientation contrast mechanism would also impair segregation of 45°
textures. Nevertheless, once subjects extract local orientations of
individual elements, they could detect 45° texture targets (though not
90° texture targets) by sequentially comparing local orientations. The
subjects might have improved their performance for 45° textures by
using this attentive strategy when the pre-attentive orientation-con-
trast coding mechanism did not work well.
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Fig. 14. The upper temporal-frequency limits (scaled on the left ordinate) and the threshold orientation difference (scaled on the right ordinate) as a function of the (a) stimulus scale, (b) element
scale, (c) region scale, and (d) inter-element distance. The open circles represent the temporal limit for the 90° texture, the filled circles that for the 45° texture, and the open squares that for the
flicker-defined texture. The filled triangles represent the orientation-difference threshold for the static texture. The upper and lower panels show the results for subject IM and SN, respectively.
The error bar represents 1S.E.
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5. General discussion
The present study examined the temporal resolution
of local orientation coding and that of the subsequent
orientation-contrast coding involved in texture segrega-
tion using orientation-reversing textures composed of
D2 patterns. The results showed that, for spatial condi-
tions where the visual system shows high sensitivities for
texture segregation, the upper temporal-frequency limit
of texture segregation is always determined by the
temporal limit of orientation coding rather than that of
orientation-contrast coding. Although the temporal
limit of orientation-contrast coding was not directly
indicated by our data, assuming that the temporal limit
of the texture perception is determined by the most
sluggish processing stage, one can infer that the poten-
tial temporal resolution of orientation-contrast coding
is not lower than that of local orientation coding (Fig.
3b).
While our subjects were required to fixate at the
centre cross during stimulus presentation, involuntary
eye movements might have generated in the retinal
image small displacements between alternating orthogo-
nal D2 patterns. This retinal misalignment might have
produced fused micropatterns slightly different from the
expected circular Laplacians. Another factor that might
have changed the perceived luminance profile of the
fused micropatterns is nonlinearity in the luminance
transducer function. Due to these factors, orientation
information might not have been completely removed
even when the micropatterns were perceptually fused,
which might have led to overestimation of the temporal
limit of orientation coding. At present, we cannot tell
precisely how strong the effects of these factors were. It
is questionable however whether reliable segregation
was possible only with the week orientation cues gener-
ated by involuntary eye movements and/or luminance
nonlinearities, given texture segregation requires rela-
tively large difference in orientation distribution. In
fact, we found that the temporal limit for the 45° D2
texture did not change significantly even when the
subjects were allowed to move their eyes within the
central 1° area. In addition, eye movements and lumi-
nance nonlinearities are not expected to affect the tem-
poral limits of orientation contrast coding. Therefore,
as long as the data suggest that the orientation coding
stage is the temporal bottleneck, overestimation of the
temporal limit of orientation coding, if indeed it was
overestimated, does not affect our main conclusion that
the subsequent orientation contrast coding is a fast
process. While we found in expt. 3 that temporal limits
could be higher for the 45° texture than for the 90°
texture, it was under the conditions where eye move-
ments were not effective in changing the pattern overlap
(i.e. large element size) rather than under conditions
where they were (i.e. small element size).
As noted earlier, previous psychophysical studies
have shown that texture segregation is possible for
briefly presented stimuli, suggesting that it is a rapid
process (Bergen & Julesz, 1983). The present results
provide strong support for this notion, adding quantita-
tive estimates of the rapidity in terms of temporal
frequency. Using a speed-accuracy trade-off (SAT)
paradigm, Sutter and her colleagues found that the time
courses of SAT functions obtained for detection of
texture regions defined by orientation differences were
only slightly delayed from (Sutter & Graham, 1995) or
almost identical to (Sutter & Hwang, 1999) those ob-
tained for detection of regions defined by the mere
presence of target elements. This also indicates the
rapidity of texture segregation. Their results, however,
capture slightly different aspects of the temporal char-
acteristics of texture segregation. Whereas our finding
indicates that the texture segregation system can follow
changes in texture stimuli as rapidly as the upper limit
of the orientation coding, the finding by Sutter and her
colleagues indicates that the total processing time re-
quired for texture segregation is nearly as short as the
time required for detection of the stimulus appearance.
On the other hand, recent findings in neurophysiol-
ogy suggest that texture segregation may be mediated
by a slow process.7 As shown by a number of studies
(Maffei & Fiorentini, 1976; Knierim & Van Essen,
1992; Lamme, 1995; Sillito, Grieve, Jones, Cuderio, &
Davis, 1995; Kastner, Nothdurft, & Pigarev, 1997;
Lamme, Super, & Spekreijse, 1998; Lee, Mumford,
Romero, & Lamme, 1998; Nothdurft, Gallant, & Van
Essen, 1999), neuronal response to an oriented line seg-
ment(s) presented to the cell’s classical receptive field is
suppressed by line segments placed outside the receptive
field. This suppression is orientation-dependent in that
it is weaker when the orientation is different between
the centre and surrounding regions than when the
orientation is uniformly the same. It is frequently sug-
gested that this orientation-dependent contextual modu-
lation may be a neural correlate of pop-out and texture
7 One may argue that orientation-contrast coding exhibits temporal
resolution equivalent to that of the orientation coding because in-
hibitory interactions between orientation-selective units are involved
in the generation of their orientation tuning (Sillito, 1975;
Vidyasagar, Pei, & Volgushev, 1996; Ringach, Hawken, & Shapley,
1997). Several studies have shown that the orientation selectivity of
V1 cells gradually rises after the initial phase of response (Volgushev,
Vidyasagar, & Pei, 1995; Ringach et al., 1997). Other studies, how-
ever, suggested that the contribution of interactions is relatively small
in the generation of orientation tuning (Eysel, Shevelev, Lazareva, &
Sharaev, 1998) and that some V1 cells exhibit their maximal orienta-
tion tunings at the initial response phase (Celebrini, Thorpe, Trotter,
& Imbert, 1993). It appears that recurrent interaction is not indis-
pensable for local orientation coding. In addition, even if it is
essential, one cannot expect that the inhibitory interaction finishes
generating codes for local orientations and codes for region orienta-
tion contrast at exactly the same time.
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segregation (e.g. Knierim & Van Essen, 1992; Stemmler
et al., 1995; Kastner et al., 1997; Li, 1999a,b; Nothdurft
et al., 1999). With regard to its temporal property, the
orientation-dependent contextual modulation is not
present from the onset of the response to the stimulus.
Knierim and Van Essen (1992) found a weak but
statistically significant difference 20 ms after the re-
sponse onset. Lamme and his colleagues generally re-
ported much longer delays of 80–100 ms after the
response onset (Zipser, Lamme, & Schiller, 1996;
Lamme et al., 1998; Lee et al., 1998). It is also known
that the human VEP component corresponding to tex-
ture segregation appears 80–100 ms after the initial
response to the stimulus (Bach & Meigen, 1992; Caputo
& Casco, 1999). These findings have led to the view
that the texture segregation may be slowly developed in
V1.
The present results contradict the notion that the
contextual modulation is related to the perception of
texture segregation, as long as it predicts a sluggish
response to orientation reversing textures. A simple
interpretation of the contextual modulation is that a V1
cell is driven by a direct input to its classical receptive
field, and is modulated by either indirect input, which
arrives 20–80 ms after the direct input, from surround-
ing cells via lateral connections, or a feedback loop
(Zipser et al., 1996; Lamme et al., 1998; Lee et al.,
1998). If texture segregation (orientation contrast detec-
tion) is a direct consequence of this contextual modula-
tion, the temporal mismatch of the compared
orientation signals (or other causes of the sluggish
behaviours) should have given rise to a decline in the
upper temporal limit of texture segregation. It has been
suggested that only rapid components of mutual inter-
action may be responsible for the perception of texture
segregation (Li, 1999a,b), but it remains to be studied
whether such models are compatible with the severe
time constraints indicated by the present data.
It is possible that orientation contrast is detected by
second-stage cells at V2 or other higher cortical areas
that receive direct feedforward projection from orienta-
tion-tuned V1 cells. It is well known that some V2 cells
respond to illusory contours or texture boundaries (von
der Heydt & Peterhans, 1989; Leventhal, Wang,
Schmolesky, & Zhou, 1998). Moreover, it has been
reported that some V2 cells respond to illusory con-
tours with latencies as short as those to luminance
edges (von der Heydt & Peterhans, 1989). The present
results are consistent with the hypothesis that texture
borders are first detected by such direct orientation-
contrast detectors, whose output is sufficient for perfor-
mance of the target localisation task.
The present results do not contradict a view that the
contextual modulation in V1, which first appears at
texture borders then spreads over inner surface areas
(Lamme, Rodriguez-Rodriguez, & Spekreijse, 1999), is
processing for surface perception and/or figure-ground
segregation after detection of texture borders by orien-
tation contrast encoders. If this two-stage model is
correct, contextual modulation may occur also for
rapid orientation-reversing textures as long as region
segregation is possible.
Finally, since we presented the orientation-reversing
texture for 500 ms regardless of the alternation rate, we
cannot tell whether the first one or two stimulus cycles
are sufficient to account for the task performance, or
the orientation contrast signal is integrated over many
presentation cycles. Future research on the effects of
presentation cycles on segregation of orientation-revers-
ing textures might provide insight into the temporal
properties of high-level texture processing subsequent
to detection of orientation contrast.
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